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The nature of the magnetic order in (La2/3Sr1/3MnO3)9/(LaNiO3)3 superlattices is investigated
using x-ray resonant magnetic reflectometry. We observe a new c-axis magnetic helix state in
the (LaNiO3)3 layers that had never been reported in nickelates, and which mediates the ∼ 130◦
magnetic coupling between the ferromagnetic (La2/3Sr1/3MnO3)9 layers, illustrating the power of
x-rays for discovering the magnetic state of complex oxide interfaces. Resonant inelastic x-ray
scattering and x-ray absorption spectroscopy show that Ni-O ligand hole states from bulk LaNiO3
are mostly filled due to interfacial electron transfer from Mn, driving the Ni orbitals closer to an
atomic-like 3d8 configuration. We discuss the constraints imposed by this electronic configuration
to the microscopic origin of the observed magnetic structure. The presence of a magnetic helix in
(La2/3Sr1/3MnO3)9/(LaNiO3)3 is crucial for modeling the potential spintronic functionality of this
system and may be important for designing emergent magnetism in novel devices in general.
Interfaces between complex oxide materials exhibit re-
markably rich physics driven by the interplay of vari-
ous types of charge, orbital and spin couplings [1–3].
Particularly fascinating is their proven ability to host
new types of emergent magnetic order that do not exist
in either of the bulk constituents, representing a chal-
lenge to our understanding of electron correlations, as
well as an opportunity for exploitation in spintronic de-
vices [2–4]. In fact, complex magnetic phases are po-
tentially common in transition metal oxide superlattices
given the severe effects of interfacial symmetry break-
ing in localized 3d orbitals [5–9], but scrutiny over the
microscopic magnetic interactions at such interfaces is
often constrained by limited direct evidence of the re-
sulting magnetic structure. Superlattices composed of
manganites and nickelates are a paradigmatic venue for
efforts to discover and understand emergent interface
magnetism, motivated by the complex magnetic order
and phase diagram of its bulk constituents [10, 11]. In
fact, this system harbors fascinating phenomena, such
as exchange bias and interfacial electronic reconstruc-
tions [12–26]. Recently, a highly unusual magnetic cou-
pling between ferromagnetic (LSMO)9 layers was ob-
served in [001]-oriented (La2/3Sr1/3MnO3)9/(LaNiO3)n
[(LSMO)9/(LNO)n, n = 1 − 9], in which the coupling
angle between (LSMO)9 layers varies between zero and
130◦ as a function of n (Fig. 1) [21]. Despite the demon-
strated ability of this system to be used as resistive mem-
ory devices [4], there is no experimental evidence for how
or if the non-collinear magnetism of the (LSMO)9 layers
is mediated through (LNO)n. Such lack of information
critically hampers the ability to understand the physi-
cal mechanism driving the (LSMO)9 magnetic coupling,
which consequently inhibits the design of new superlat-
tices with optimized magnetic properties.
In this work we focus on the (LSMO)9/(LNO)3 super-
lattice because it displays the largest magnetic coupling
angle between the manganite layers (≈ 130◦ at 25 K [21]).
We probe its magnetic and electronic structure using res-
onant soft x-ray techniques. The magnetic structure of
both (LSMO)9 and (LNO)3 are studied using Mn and Ni
L-edge x-ray resonant magnetic reflectivity (XRMR). We
find that the nickelate layers contain a magnetic helix in
which the Ni moments are confined to the basal plane
and rotate around the c-axis. Such magnetic structure is
not present in any simple perovskite nickelate nor man-
ganite. The XRMR ability to provide a precise descrip-
tion of the (LSMO)9/(LNO)3 magnetic ordering allows
for a careful analysis of the magnetic interactions in this
system. To this end, the nature of the Ni 3d and O 2p
orbitals is probed through Ni L3-edge resonant inelastic
x-ray scattering (RIXS) and O K-edge x-ray absorption
spectroscopy (XAS) measurements. The RIXS spectra
are composed of well defined orbital excitations, which
are reproduced by a model of localized Ni 3d8 orbitals
under the effect of an octahedral crystal field. Even
though the Ni 3d orbital is predominantly localized, O
K-edge XAS show a small Ni 3d - O 2p ligand hole con-
centration, indicating that the NiO2 planes are lightly
hole-doped. While further work is needed to elucidate
the magnetic couplings acting in this system, our anal-
ysis suggests that the (LSMO)9/(LNO)3 magnetic helix
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FIG. 1. Top: Possible magnetic structures of the LaNiO3
layer in (LSMO)9/(LNO)3. Bottom: Experimental geometry
used in both XRMR and RIXS measurements. XRMR was
measured using circular and linear x-ray polarization with the
magnetic field (H) applied along the sample’s a-axis. RIXS
was measured using linear x-ray polarization with θ and 2θ
fixed to 15◦ and 85◦, respectively.
emerges from a combination between the strong pinning
of Ni and Mn moments at the interfaces with a spin den-
sity wave (SDW) instability within the (LNO)3 layers.
High-quality 14×[(LSMO)9/(LNO)3] superlattices
were grown on [001] single-crystalline SrTiO3 substrates
using molecular beam epitaxy as described previously
[21, 27]. XRMR measurements were performed at the
Ni and Mn L-edges [27] at the REIXS beamline of the
Canadian Light Source [28] and at the SEXTANTS
beamline of the SOLEIL synchrotron [29]. Data were
collected using horizontal scattering geometry, as well as
both linear (σ and pi) and circular [left (CL) and right
(CR)] x-ray polarizations (Fig. 1). Magnetic field was
applied parallel to the sample surface and within the
scattering plane using permanent magnets at REIXS
and an electromagnet at SEXTANTS. In the former
the data was collected at remanence after removing a
600 mT field, while in the later the sample was field
cooled, and measured, under 1.2 mT. The temperature
was kept at ∼25 K throughout the experiments. Data
analysis was performed with the Dyna [30] and ReMagX
[31] softwares using the magnetic matrix formalism.
Resonant optical constants were obtained by combining
the tabulated values with averaged XAS and x-ray
magnetic circular dichroism measurements [27, 32]
Figure 2 displays a summary of the XRMR data col-
lected on (LSMO)9/(LNO)3. The XRMR signal mea-
sured with circular light is primarily sensitive to com-
ponents of the magnetization of each layer along the x-
ray direction, while pi polarization probes the transverse
magnetization, and σ polarization is dominated by the
lattice response [30, 31]. It is thus clear in Figs. 2 (a)
through (d) that magnetic peaks appear at 1/2 order po-
sitions in (LSMO)9/(LNO)3 at both Mn and Ni edges
indicating that the magnetic structure unit cell along
the c-axis has twice the length of the chemical repeti-
tion. This observation is further demonstrated by the
disappearance of such magnetic peaks when a field of
0.6 T is applied, which is sufficient to saturate the mag-
netic moments along the field [Fig. 2(e)] [21]. While
the Mn edge results are consistent with the previous re-
port [21], the data at the Ni edge indicates that a non-
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FIG. 2. (a)&(c) Ni L3-edge (853.6 eV) XRMR data using
circular and linear polarization, respectively. (b)&(d) Mn
L3-edge (641 eV) XRMR data using circular and linear po-
larization respectively. Data from both edges show half-order
magnetic peaks (black arrows). This is consistent with a non-
collinear magnetic structure between both LNO layers and
LSMO layers as shown in Fig. 1. (e) Field dependence of the
Ni L3 XRMR data. A field of 0.6 T is sufficient to force a fer-
romagnetic alignment between every layer, which suppresses
the half-order peaks, consistent with previous results [21].
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FIG. 3. Fits to the XRMR signal at the Ni L2 (871.6 eV)
[(a)&(c)] and Mn L3 [(b)&(d)] edges in (LSMO)9/(LNO)3.
Different polarization channels CR/CL or σ/pi are shown as
red/blue points and are overlapped by orange/blue lines rep-
resenting the fit. Different channels are offset from one an-
other for clarity. Panel (e) displays the XRMR asymmetry
[34]; the helix model is consistent with the presence of peaks
at high qz.
collinear magnetic structure is also present in the (LNO)3
layer. These results also demonstrate that the magnetic
coupling within NiO2 planes is not antiferromagnetic as
this would lead to the absence of magnetic response in
the CR/CL XRMR. Consequently, the magnetic struc-
ture of (LNO)3 is different from the (
1
4
1
4
1
4 )-type observed
in [111]-grown LNO heterostructures and bulk RENiO3
[11, 22, 33]. However, this in itself does not distinguish
between other (LNO)3 magnetic structures such as the
zigzag and (reversed) helical models (Fig. 1).
The (LNO)3 magnetic structure is solved by modeling
the XRMR data as shown in Fig. 3. Note that fits were
performed at the Ni L2 edge because there is a substan-
tial overlap between the La M4 and Ni L3 edges, which
makes the XRMR data analysis very difficult. Despite its
magnetic sensitivity, the XRMR signal is largely domi-
nated by the lattice and charge responses [Fig. 3(a)-(d)].
In fact, the disagreements between simulation and ex-
perimental data seen at the Mn L3-edge are at least par-
tially driven by the expected Mn4+/3+ valence modula-
tion within the (LSMO)9 layer [16, 21, 35]. We can over-
come this challenge by isolating the magnetic response
using the XRMR circular polarization asymmetry shown
in Fig. 3(e) [34]. It is clear that only the helical model
is able to reproduce all features in the data, particularly
at high-qz. Magnetic models with LNO spins away from
the basal plane are not shown here but were also unable
to reproduce the experimental data. Modeling of both
Mn and Ni edges is consistent with an angle of 140± 20◦
between (LSMO)9 magnetic moments, in agreement with
neutron reflectivity [21]. The (LNO)3 c-axis magnetic he-
lix result is surprising as such structures are uncommon
in bulk transition metal oxides and have not previously
been observed in nickelates. This demonstrates that in
(LSMO)9/(LNO)3 the interfacial symmetry breaking and
charge transfer drive an emergent form of magnetism, the
underlying electronic structure of which we now explore.
We first address the character of the nickelate layer
3d orbital using Ni L3-edge RIXS. Data was collected at
30 K using the AERHA end-station of the SEXTANTS
beamline at the SOLEIL synchrotron [39]. The experi-
mental scattering geometry is detailed in Fig. 1. Figure
4 shows the RIXS spectra as a function of incident x-ray
energy and linear polarization. The experimental data
[Fig. 4 (a)&(b)] is composed of narrow peaks that are
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FIG. 4. Ni L3-edge RIXS of (LSMO)9/(LNO)3. Data for
pi and σ polarized incident x-rays are displayed in panels
(a)&(b), respectively. Panels (c)&(d) present simulations of
the RIXS spectra for pi and σ polarization using atomic cal-
culations [36–38].
4consistent with localized orbital excitations of 3d8 (Ni2+)
ions [38, 40–42]; a distinctively different broad diagonal
feature is seen in RIXS spectra of bulk RENiO3 and hole-
doped La2−xSrxNiO4 (for x ≥ 1/3) [38, 42, 43], in which
the significant amount of extra holes in the NiO2 plane
populate the hybridized Ni 3d - O 2p ligand hole states.
This result is consistent with Ni L2-edge XAS data [21].
The RIXS spectra was simulated using the Kramers-
Heisenberg equation combined with atomic multiplet cal-
culations performed with the Cowan and RACER codes
[36–38]. These simulations [Fig. 4 (c)&(d)] nicely repro-
duce the observed signal [27], confirming that these are
orbital dd excitations, thus demonstrating the localized
character of the Ni 3d state in (LSMO)9/(LNO)3. Fur-
thermore, the excellent agreement between experimen-
tal data and simulation implies high-spin (S = 1) Ni
3d8 orbitals under a nearly octahedral crystal field with
10Dq = 1.1 eV and ∆eg = 0.05 eV [44].
While the RIXS results establish a predominantly lo-
calized Ni 3d orbital, it has minimal sensitivity to the po-
tential presence of a small amount of Ni 3d - O 2p ligand
holes. Figure 5 displays the pre-edge of the O K-edge
XAS data collected in total electron yield mode at the
REIXS beamline of the Canadian Light Source. The x-
rays were incident at 15◦ and the sample was field cooled
under 0.6 T, but the magnetic field was removed prior to
the data collection. The pre-edge is dominated by fea-
tures related to Mn-O and Ni-O ligand holes. Comparing
this data with the literature [45, 46], it is clear that the
Mn-O states dominate the signal. This result is consis-
tent with the large response expected for Mn 3d4/3d3
(Mn3+/4+) and small or absent pre-edge structure for Ni
3d8 (Ni2+) [47–49]. It is also consistent with the po-
sition of the magnetic circular dichroism signal, which
is expected to be dominated by LSMO [Fig. 5(a)&(c)].
However, a small pre-edge shoulder is seen at an en-
ergy that is consistent with it originating in the LNO
layer (grey dashed line). Interestingly this feature dis-
plays a marked linear dichroism, implying an anisotropic
ligand hole state in which the more holes populate the
3d3z2−r22pz states in detriment of 3dx2−y22pσ. This re-
sult is consistent with the tensile strain applied by the
SrTiO3 substrate and is in-line with the concept that
strain primarily controls the Ni-O hybridization in LNO
heterostructures [38, 50, 51].
We now discuss the consequences of the observed elec-
tronic configuration to the potential mechanisms driving
the complex magnetic structure of (LSMO)9/(LNO)3.
We start by noting that non-collinear magnetic or-
der in transition metal oxides may derive from the
Dzyaloshinskii-Moriya interaction [52, 53], but this inter-
action is inconsistent with the symmetry of the (LNO)3
magnetic structure [21]. The interfacial electronic re-
construction in (LSMO)9/(LNO)3 induces magnetic frus-
tration in the nickelate layer since the antiferromag-
netic Ni2+-O-Ni2+ exchange energy is expected to be
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FIG. 5. (LSMO)9/(LNO)3 O K-edge XAS data collected
at 15◦ incident angle. (a)&(b) shows the pre-edge features
of the XAS collected with circular and linear x-rays, respec-
tively. The circular and linear dichroism are plotted in panels
(c)&(d), respectively. While signal from hybridized Mn-O
orbitals dominate the pre-edge features (vertical red dashed
line), a signal that is consistent with Ni-O hybridization is
seen around 527.4 eV (grey dashed line).
similar to the dominant ferromagnetic Ni2+-O-Mn4+
[17, 42, 54, 55]. However, while we cannot exclude frus-
tration as the sole reason for the observed spiral, if we
only consider first neighbor interactions, such frustra-
tion would arguably drive an antiferromagnetic coupling
structure that resembles the reversed helical model (see
Fig. 1) since the adjacent NiO2 planes would favor an
antiferromagnetic coupling. Additionally, it is difficult
to reconcile the magnetic structure LNO thickness de-
pendence with a magnetic frustration model [21]. Emer-
gent magnetic phenomena are often seen in systems that,
much like (LSMO)9/(LNO)3, have 3d-2p ligand holes
(negative charge transfer systems [56]), including certain
cuprates [57], hole-doped La2NiO4 [42, 48], RENiO3 [43],
and CrO2 [58]. In fact, it has been argued that double-
exchange and superexchange can act together to create
non-collinear canted structures in such systems [59–61],
but it is not entirely clear how such canting would ac-
tually lead to a helix. Finally, we note that the elec-
tronic structure of (LNO)3 closely mimics that of lightly
hole-doped La2NiO4 [42, 48, 62], which displays stripe-
like spin density wave instabilities [63, 64], which in turn
are known to foster non-collinear magnetic structures
[65, 66]. Therefore, it appears that the (LNO)3 magnetic
helix emerges from the coupling of such SDW instability
with the interfacial Ni-Mn interaction.
In conclusion, the presence of an emergent magnetic
5helical structure in the [La2/3Sr1/3MnO3]9/[LaNiO3]3
superlattice is demonstrated through XRMR measure-
ments. Such c-axis magnetic helix has not been shown
to occur in any other nickelate system. Ni L3-edge RIXS
and O K-edge XAS experiments show that interfacial
charge transfer results in NiO2 planes with lightly hole-
doped Ni 3d8 atoms. We argue that such electronic struc-
ture likely drives SDW instabilities that may drive the he-
lical magnetic structure, but further work is required to
verify our arguments. Besides theoretical investigations,
we believe that the role of octahedral rotations in this
system need to be addressed as these are known to rel-
evant to magnetic exchange. Nevertheless, the prospect
of engineering spin density waves through interfaces to
create novel magnetism is tantalizing, and, in principle,
such approach should applicable to the various families
of negative charge transfer transition metal oxides [56].
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